We investigate the interaction of ground and excited states of a silver atom with noble gases (NG), including helium. Born-Oppenheimer potential energy curves are calculated with quantum chemistry methods and spin-orbit effects in the excited states are included by assuming a spin-orbit splitting independent of the internuclear distance. We compare our results with experimentally available spectroscopic data, as well as with previous calculations. Because of strong spin-orbit interactions, excited Ag-NG potential energy curves cannot be fitted to Morse-like potentials. We find that the labeling of the observed vibrational levels has to be shifted by one unit.
The cold and ultracold molecules come in two main flavors: they are either weakly-bound highly vibrationallyexcited Feshbach molecules, created by pairing ultracold atoms, or are deeply-bound molecules which can be paramagnetic, for trapping in a buffer-gas trap, or polar, for slowing in an electric field decelerator and eventually trapped. A third class of trappable molecules is the vdW molecules, which are bound solely by long-range dispersion interaction and are weakly bound. Among these, the interaction of Ag and other coinage metals with noble gases has been the subject of numerous experimental studies [10] [11] [12] [13] [14] [15] [16] [17] . Spectroscopic studies on these complexes have focused on the molecular absorption corresponding to the strong atomic 2 P ← 2 S transition. The understanding of the bonding of such VdW complexes can be used to improve models of atom-surface interaction and study of chemical reaction dynamics [18] [19] [20] , while their decay by chemical exchange, pre-dissociation and dissociation, can be controlled by external fields. Silver complexes with noble gas atoms can also be used for application to magnetometry [21] , and the pressure broadening and shift of the D 1 line of Ag in collisions with Ar and He were recently measured [22] .
In this work, we describe the molecular states resulting from the interaction of Ag(5s) and Ag(5p) with all the noble gases and focus on the Ag-Ar system in order to establish a comparison with experimental data. A schematic diagram of the potential energy curves (PECs) of the low-lying spectrum of the Ag-NG complexes, including the spin-orbit coupling, is shown in Fig. 1 . The ground state of these vdW complexes is the X 2 Σ + state that correlates to Ag(5s 2 S) + NG( 1 S) and is attractive for all noble gases. The first excitation of the silver atom, Ag(5p 2 P ), gives rise to the A 2 Π and the B 2 Σ + molecular states. The B 2 Σ + state is expected to be less strongly bound than the ground state as it corresponds to the interaction between the NG( 1 S) and the p orbital of Ag oriented parallel to the intermolecular axis. On the other hand, in the case of the A 2 Π, the p orbital is perpendicular to the intermolecular axis, leading to a more attractive state. Ag-He is an exception to this rule since He does not have a p shell, and the absence of p − p repulsion leads to an even more deeply bound A 2 Π state.
The spin-orbit (SO) interaction cannot be neglected in systems involving silver. Its effect is to split the 2 P state of Ag into the doublet states 2 P 1/2 and 2 P 3/2 at 29552.1 cm −1 and 30472.7 cm −1 , respectively, separated by 920.6 cm −1 . In the Ag-NG complexes, the effect of the SO interaction is to mix the A nent overlaps with the 4d 10 5p ( 2 P 3/2 ) state, rendering an accurate calculation a considerable task. Therefore, we treat the SO interaction analytically by approximating the coupling by its atomic value, and discuss for Ag-Ar the validity of this approximation.
Previous theoretical ab initio calculations of the potential energy curves of the ground state of Ag-noble gases systems include studies of Ag-He complexes [23, 24] , and Ag with He, Ne and Ar [25] . Similar calculations were performed by Gardner et al. [26] , in addition to the PEC of the Ag-Kr, Ag-Xe, and Ag-Rn complexes. The interaction potential of Ag with N 2 has also been recently reported [27] , completing the study of the interaction of silver in its ground state with buffer gases. However, except for the case of Ag-He [23] , the excited states of these vdW complexes have never been investigated theoretically. On the experimental front, two spectroscopic studies of silver-noble gases complexes exist: Jouvet et al. investigated the Ag-Ar complex using laser-induced fluorescence [10] , while Brock and Duncan used resonanceenhanced multiphoton ionization (REMPI) technique to study Ag-Ar, Ag-Kr and Ag-Xe complexes [11] . Bands were observed for the transitions A 2 Π 1/2 ← X 2 Σ + and A 2 Π 3/2 ← X 2 Σ + and the spectroscopic parameters of these excited states were extracted. No B Σ + 1/2 ← X 2 Σ + bands were observed. As will be shown in section IV, the excited B Σ + state, which also correlates asymptotically to Ag(5p), is weakly bound and has an equilibrium geometry at a much larger internuclear distance, such that the transition to the ground state is not favored.
In this work, we compute PECs for the Ag-NG complexes dissociating into Ag(5s) + NG( 1 S) and Ag(5p) + NG( 1 S). We describe the computational method in Sec. II and present the potential energy curves without spin-orbit in Sec. III. The inclusion of the spin-orbit interaction as a perturbation and the resulting PECs are discussed in Sec. IV, and we make a detailed comparison with experimental results in Sec. V.
II. COMPUTATIONAL METHOD
We described the silver atom using the aug-ccpwCVnZ-PP basis set [28] , with n=Q,5. This basis set is based on a small core relativistic effective core potential (ECP) that replaces the 1s − 3d core [29] , and was constructed to describe accurately the remaining 19 electrons, including core-valence correlation. For the noble gases He, Ne and Ar, we used the aug-cc-pVnZ basis sets [30] [31] [32] with n=Q,5. Calculations involving the heavier atoms Kr, Xe and Rn were realized with a small core relativistic ECP (describing respectively the 10, 28 or 60 inner electrons of these noble gases) while the aug-ccpVnZ-PP (n=Q,5) basis set [33] was used in order to explicitly describe the outer-core (n − 1)spd shells and the nsp valence shells.
The characterization of the Ag-NG interaction is improved by the inclusion of a set of (3s3p2d2f 1g) bond functions located at midway between the two atoms. This set of functions is well suited for interactions involving noble gases [34] . The use of bond functions removes the need for the complete basis set (CBS) extrapolation while producing results that are in good agreement with the CBS limit [35] .
The X 2 Σ + and A 2 Π PECs were calculated using the spin-unrestricted coupled cluster method with single, double, and perturbative triple excitations (UCCSD(T)) [36, 37] , as implemented in the MOLPRO 2009.1 package [38] . The reference wave functions employed in the coupled cluster calculations were generated with the spin restricted Hartree-Fock (ROHF) method. In these calculations, we correlated not only the valence but also the outer-core electrons. This means that for silver, the effect of the 4s 2 4p 6 4d 10 5s (5p) electrons was included. For He, Ne and Ar, all electrons were correlated while for Kr, Xe and Rn, the (n − 1)spd and nsp electrons were kept active.
The PEC of the B 2 Σ + state was obtained using the configuration interaction (CI) method [39, 40] , including the Davidson correction. For these calculations, we correlated the valence and 4d 10 electrons of Ag and the nsp electrons of the noble gas.
The PECs were calculated on a grid of internuclear distances R between 3.5 a 0 and 20 a 0 . At each point, we corrected the energy using the counterpoise method in order to account for the basis set superposition error [41] . The energies and wave functions of the rovibrational lev-els were obtained by solving the radial Schrödinger equation using a B-spline method [42] . The spectroscopic constants were determined by fitting the vibrational energies to the standard form E(v) = ω e (v+1/2)−ω e x e (v+1/2) 2 , using a nonlinear least-squares Marquardt-Levenberg algorithm.
If rovibrational levels close to the dissociation limit are of interest, it is necessary to know the behavior of the PECs for internuclear distances larger than 20 a 0 as calculated in this work. The PECs can be obtained for all internuclear distances by fitting the ab initio points to the asymptotic potential V as = − n C n /R n using the dispersion coefficients C 6 , C 8 and C 10 which were previously calculated for the X 2 Σ + , A 2 Π, and B 2 Σ + states by Zhang et al. [43] .
III. POTENTIAL ENERGY CURVES WITHOUT SPIN-ORBIT INTERACTION
A. Ground state
The spectroscopic parameters of the ground state X 2 Σ + are presented in Table I and compared with previous theoretical works. The results presented in Table  I were obtained with 5Z basis sets for both Ag and the noble gases. Because bond functions were employed in this calculation, the dependence of the spectroscopic constants on the basis set is expected to be small. The use of a 5Z basis set instead of a QZ basis set modifies D e by less than 1%, and the effect is even smaller on R e . Interestingly, for the noble gases He, Ne and Ar, we obtain a larger value for D e with the 5Z basis set than with the QZ basis set, while the effect is reversed for the heavier gases Kr, Xe and Rn. This phenomenon can be explained by the fact that the bond functions break the hierarchy of the AVnZ basis sets, and it is therefore not recommended to extrapolate the results to the complete basis set limit.
The PEC of the ground state of Ag-He was already studied by various groups [18, [24] [25] [26] using the CCSD method. As can be seen from Table I , our results agree quite well with previous calculations, despite using different basis sets. For Ag-Ne and Ag-Ar, the agreement between the present calculations and the results of Refs. [25] and [26] is excellent, although our values for D e and R e are slightly closer to those of Ref. [26] . For Ag-Kr, -Xe, and -Rn, we find again good agreement with the values reported by Gardner et al. [26] . However, we obtain larger values for D e and smaller values for R e , and the discrepancy increases with the noble gas mass. This can be explained by the fact that Gardner et al. did not correlate the inner-valence electrons of the atoms in their calculations. While this has no effect for the complexes involving He, Ne and Ar (as mentioned in Ref. [26] ), this is not the case for the heavier noble gases. For Ag-Rn, the effect of core-valence interactions can be as much as 10% of the value of D e . Therefore, while freezing the core or inner-valence electrons significantly reduces computational cost, it can also lead to a dramatic underestimate of D e and an overestimate of R e for heavy complexes.
In Table I , we did not include the values of D 0 determined experimentally [10, 11] . These values were extrapolated from transitions between the ground state of the complexes and various excited states, and are strongly isotopic-and state-dependent. For example, for Ag-Kr, Ref. [11] provides values for D 0 between 68 and 138 cm −1 , and we believe that these values are not precise enough to allow for detailed comparison.
The trends in the spectroscopic parameters D e , R e and ω e along the noble gas series have been discussed by Gardner et al. [26] . In particular, D e increases with NG atomic number, while R e decreases. The trend in D e is expected as the polarizability is larger for heavier noble gases, which enhances the vdW interaction. The dissociations energies are plotted in Fig. 2(a) as a function of NG polarizability, exhibiting a nearly linear dependence, as expected. The trend in R e is more surprising as increasing the NG mass results in an increase of the VdW radius, which in turn would be expected to lead to larger equilibrium distances. However, as extensively discussed in Ref. [26] , a combination of other factors, such as sp hybridization, results in a decrease in R e along the noble gas series.
B. Permanent electric dipole moments
The vdW molecules can become polar and possess permanent electric dipole moments. In Table II , we present the vibrationally averaged dipole moments in the X 2 Σ + PEC for Ag-NG species. There is a monotonic increase of the dipole moment with the NG atom mass. Overall, the dipole moments are relatively small in the ground electronic and vibrational states, while we expect the dipole moments to be larger in the excited states.
C. Excited state PECs dissociating to Ag(5p 2 P )
The equilibrium distance and dissociation energy of the two excited states A 2 Π and B 2 Σ + , which correlate asymptotically to Ag(5p 2 P ) + NG, are presented in Table III , while their dissociation energy is plotted as a function of the noble gas polarizability in Fig. 2 .
The dissociation energy of the B 2 Σ + state is found to increase linearly with the noble gas polarizability, as was observed for the ground state. However, for a given complex, the value of D e is always smaller than that of the ground state. This was expected since the B 2 Σ + state corresponds to the interaction between the noble gas and the p orbital of Ag oriented parallel to the intermolecular axis, which enhances repulsion. This also leads to a much larger equilibrium geometry than for the ground state. Finally, the value of R e decreases with increasing NG atomic number. The A 2 Π state corresponds to the interaction between the noble gas and the p orbital of Ag oriented perpendicularly to the intermolecular axis. Therefore, this state is much more deeply bound than the
states. The dissociation energy increases linearly from Ne to Rn, but the interaction with He results in a larger D e than with Ne (cf. Fig. 2(b) ). This occurs because He does not have a p shell, and the absence of p − p repulsion leads to an even more deeply bound A 2 Π state. This behavior was already observed in other systems, e.g. involving alkali metals -noble gas complexes [44, 45] . The PEC of the A 2 Π state was previously investigated for Ag-He [18, 23, 46] . Our results agree well with the calculations of Brahms et al. [18] , which were also performed using the CCSD(T) method. On the other hand, we find large discrepancies with the two other sets of calculations, performed using MP2 [23] and CISDT methods [46] , with values for D e differing by as much as 50%.
IV. POTENTIAL ENERGY CURVES WITH SPIN-ORBIT INTERACTION
As previously mentioned, the spin-orbit interaction cannot be neglected in the 5p shell of the silver atom as the splitting between the 2 P 1/2 and the 2 P 3/2 states is ∆ = 920.6 cm −1 . The most accurate description of the molecular states arising from Ag(5p 2 P 1/2 ) and Ag(5p 2 P 3/2 ) would be realized by performing a CASSCF + MRCI calculation, including the spin-orbit interaction. However, this approach is computationally demanding as the coupling with the Σ + 1/2 , Π 3/2 and ∆ 5/2 states arising from Ag(4d 9 5s 2 2 D 5/2 ) must also be taken into account. Therefore, we instead assume that the spin-orbit Hamiltonian is given by the atomic interaction, H so = ξl · s, where the spin-orbit parameter ξ is R-independent. This approximation has been previously used with success to describe systems in which the spin-orbit interaction makes a full MRCI calculation intractable [17, 23, 46, 47] . While this approximation will clearly fail at small distances, where the excited state PECs are mostly repulsive, we will test the merits of this approximation by comparing molecular parameters and vibrational ener- gies with other calculations, when available, and observations. In order to obtain the spin-orbit coupled PECs, it is necessary to evaluate the matrix elements of the spin-orbit Hamiltonian. H so is diagonal in the quantum number Ω = Λ + Σ and its matrix elements can therefore be easily computed in the |LSJΩ representation. However, the ab initio calculations are performed in the |LSΛΣ (spin-uncoupled) representation, so that it is necessary to transform the matrix elements of H so in this representation. From the 2 Σ + and the 2 Π states dissociating into Ag(5p), we can form the 2 Π 3/2 state that correlates asymptotically to 2 P 3/2 and has projection |Ω| = 3/2 onto the internuclear axis, and the 2 Π 1/2 and 2 Σ + 1/2 states, which dissociate respectively into 2 P 1/2 and 2 P 3/2 and correspond to the |Ω| = 1/2 projection. The total Hamiltonian in the |LSΛΣ representation is block-diagonal in Ω and has the following form: where U Π (R) and U Σ (R) denote the PECs of the 2 Π and 2 Σ + states, respectively. The spin-orbit parameter is equal to two thirds of the atomic splitting, ξ = 2∆/3 = 613.7 cm −1 . The diagonalization of (1) yields the SOcoupled potentials. The resulting PECs are presented in Fig. 3 and Fig. 4 , and the spectroscopic parameters are given in Table IV. The 2 Π 3/2 state, due to symmetry, is not affected by the SO interaction. The values of R e and D e are therefore identical to those discussed in Sec. III. We do not observe a general trend in the behavior of ω e for this state, while ω e x e decreases with increasing NG atomic number. The 2 Π 1/2 PEC arises from the mixing of pπ and pσ orbitals by the SO interaction. Since in the 2 Π molecular symmetry, the pπ orbital is perpendicular to the internuclear axis, the mixing in of the pσ orbital results in repulsion when the Ag and NG atoms interact at short internuclear distances. For Ag-He and Ag-Ne, orbital repulsion is large enough to overcome the attractive character, leading to a short-range barrier and a double well structure illustrated in the inset of Fig. 3 . This behavior was already observed in alkali-noble gas PECs [45] . The 2 Π 1/2 state of Ag-He presents two minima separated by a barrier peaking at R = 6.95a 0 with a maximum energy of 91.2 cm −1 . The first minimum is located at R = 4.41a 0 , which is almost the same value as in the 2 Π 3/2 state. However, the dissociation energy is less than half that of the 2 Π 3/2 state (200.6 cm −1 compared to 477.8 cm −1 ). Moreover, the 2 Π 1/2 state only supports one bound vibrational level, whereas the 2 Π 3/2 state supports 6 bound levels. The second minimum is located at large internuclear distance, R e = 13.02a 0 , and is due to the interaction with the B 2 Σ + state. This well has a dissociation energy of D e = 1.63 cm −1 but does not support any vibrational levels. The PEC of the 2 Π 1/2 state of Ag-Ne also presents a barrier, located at R = 6.78a 0 with a height of 67 cm −1 . The first minimum of the potential is situated at R = 5.70a 0 but has positive energy. The second minimum is located at R e = 11.41a 0 with a dissociation energy D e = 6.14 cm −1 , which is due to the 2 Σ + state. It supports 2 vibrational levels. For the heavier Ag-NG species, the attractive character is strong enough so that the PEC of the 2 Π 1/2 state is purely attractive. We find that the equilibrium distance is identical to that of the 2 Π 3/2 state, but that the dissociation energy is systematically smaller. The main effect of the spin-orbit interaction is to dramatically modify the intermediateand long-range part of the PEC, as shown in the inset of Fig. 3 . Because of this, the PEC of the 2 Π 1/2 state cannot be fitted to a Morse-like potential and the spectroscopic parameters ω e and ω e x e presented in Table IV do not provide an accurate representation of the potential. This is true in particular for the high vibrational levels which lie close to the dissociation limit.
Finally, the effect of the spin-orbit interaction on the PEC of the 2 Σ + 1/2 state is to reduce the value of the equilibrium distance and the dissociation energy by a few percent compared to the PEC of the B 2 Σ + state without spin-orbit. For Ag-He and Ag-Ne, the potential does not support enough vibrational levels (0 and 2, respectively) to extract spectroscopic parameters.
V. COMPARISON WITH THE EXPERIMENT
The experimentally determined spectroscopic parameters [10, 11] of the 2 Π 1/2 and 2 Π 3/2 states for specific isotopes of the Ag-Ar, Ag-Kr, and Ag-Xe complexes are presented in Table V -Table VII and compared with our calculations. These parameters are the Morse vibrational terms, ω e and ω e x e (the energy of the levels is given by
2 ), the dissociation energy D 0 (i.e., the binding energy of the v = 0 state), obtained by a Birge-Sponer extrapolation, and the transition frequency ν 00 (between the v = 0 level of either the 2 Π 1/2 or the 2 Π 3/2 state and the v = 0 level of the ground state), also extrapolated using Birge-Sponer analysis. The dissociation energy of the ground state can also be extrapolated using the same method.
We observe that the agreement between theory and experiment for the 2 Π 3/2 PEC is good, more so considering that the 2 Π 3/2 PEC should interact with the PEC dissociating into Ag( 2 D 5/2 ) + NG through an avoided crossing, as illustrated schematically in Fig. 1 . On the other hand, for the 2 Π 1/2 state, which is expected to be the most strongly affected by the spin-orbit interaction, the parameters do not show the same level of agreement. We note that the largest discrepancy between theory and experiment occurs for the Ag-Kr system, for which the experimental data are subject to large errors [11] .
The source of the discrepancy can be traced to the different behavior of SO-coupled 2 Π 1/2 and 2 Π 3/2 PECs, as discussed in the previous section. While the 2 Π 3/2 PEC can be represented by a Morse-like potential, this is not the case for the 2 Π 1/2 state, as was already mentioned in Ref. [11] . Therefore, the values of the spectroscopic parameters ω e and ω e x e cannot be expected to reflect correctly the properties of the potential, especially close to the dissociation limit. Furthermore, the parameters D 0 and ν 00 are extracted using a Birge-Sponer extrapolation, which is not expected to be particularly accurate as these parameters depend more on the low vibrational levels, while the experimental data terminate on the low end at v = 7.
In order to establish a more comprehensive comparison between theory and experiment, we focus for the remainder of this work on the Ag-Ar complex. Rather than comparing with the experimentally-determined spectroscopic parameters, we find it more instructive to study directly the vibrational energies of the observed transitions, for which accurate values have been reported [11] . is based on the isotopic shift. If we assume that the experimental levels are shifted by one unit (i.e., the level v = 7 is now the level v = 8, and so forth), the agreement between theory and experiment is excellent: the average discrepancy is about 1 cm −1 . We believe that this is not a coincidence and that the assignment of the experimental vibrational levels should be shifted by unity.
We also compared the vibrational dependence of the spin-orbit splitting in the the 2 Π 3/2 state. We can also see that δ so (v) increases monotonically with v. This conclusion contradicts that presented in Ref. [11] , where it is stated that δ so (v) presents a minimum for v = 7, but should increase for lower v. However, this conclusion was based on the assumption that the potential can be fitted to a Morse potential, which is not the case. We obtain a value of δ so (0) = 647 cm −1 for the 0 − 0 band, larger than the expected value of 2/3∆ = 614 cm −1 . Despite the large number of electrons in these systems and the approximation of an R-independent spin-orbit splitting, we obtain an excellent agreement with the experiment for both the 2 Π 1/2 and the 2 Π 3/2 states, provided that the assignment of the vibrational levels of the 2 Π 1/2 state is shifted by one unit.
VI. CONCLUSIONS
We calculated the Born-Oppenheimer potential energy curves for the ground and excited state interaction of silver and noble gas atoms and compared the spectroscopic parameters with available theoretical and observed data. We discussed the effect of the spin-orbit interaction using a simple model and showed that spectroscopic parameters extracted from a Morse-like potential are not accurate for the case of the PEC of the 2 Π 1/2 state. We obtained good agreement with experimental data for the 2 Π 3/2 state and we showed for the case of Ag-Ar that the observed vibrational assignment in the excited 2 Π 1/2 PEC should be shifted by one unit. ). The second column contains the results of our calculations, while the results of the third column are obtained by shifting the numbering of the vibrational levels in the 2 Π 1/2 by one unit of v. The last column contains the experimental results of Ref. [11] .
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